The experiments were carried out on five anesthetized closed-chest horses (chloral hydrate, 85 to 169 mg./Kg.), two cattle (chloral hydrate, 76 to 122 mg./Kg.), three swine (chloral hydrate, 124 to 203 mg./Kg.), and four dogs (morphine, 3 mg./Kg.; dial urethnne,* 1/8 ml. solution/Kg.; pentobarbital, 7.5 mg./Kg.). Additional anesthetic was given as needed during the course of the experiment. The above drugs were chosen because they resulted in less change in heart rate than other commonly used anesthetics. The EDV, ESV, and stroke volume were measured by means of the electrical conductivity technique as described earlier. 4 ' 5 A double lumen electrical conductivity eathetert was passed through a carotid artery and the ascending aorta, into the left ventricle in such a manner that one of the catheter tips lay approximately in the middle of the left ventricle, and the other, which contained the electrical conductivity cell, lay in the ascending aorta a, few mm. from the aortic valve. The location was judged by the form of the pressure tracings obtained with Statham strain gauges, model no. P23A. From 1 to 4 ml. of concentrated N a d solution was injected "instantaneously" into the left ventricle, and the electrical conductivity of the blood in the aorta was recorded continuously ( fig. 1 ) with a 6-channel Brush electromagnetic oscillograph. The concentration of N a d solution injected varied from 4 to 27 per cent according to the size of the animal.
• The hearts of mammals vary enormously in size and rate: from a rate of 650 beats per minute in the one-tenth Gm. heart of a small mouse to approximately 15 beats per minute in the 2 X 10 5 Gm. heart of a large whale. 1 -3 Similarly, a large variation exists for stroke volume and cardiac output. How is the heart rate of mammals of different size related to left ventricular end-diastolie volume (EDV), end-systolic volume (ESV), stroke volume, and cardiac output? Does the left ventricle of the large mammal eject a small fraction of its BDV with each stroke, and the small mammal eject a large fraction? In other words, how does the function of the mammalian heart as a pump differ with its size? Is there some consistent pattern on which the function of the ventricle is based, and if so, what is this pattern?
To obtain information concerning these questions, studies of left ventricular volumes and pressures were carried out in the control state on anesthetized mammals (dogs, swine, horses, and cattle) the body weights of which varied 54-fold and the hearts of which varied from approximately 104* to 3,595 Gm. in weight. Data were obtained on left ventricular EDV, ESV, stroke volume, end-systolic pressure, end-diastolie pressure, heart rate, ventricular residual fraction, cardiac output, stroke-work, and total peripheral resistance. tolic pressure, DP is ventricular end-dinstolic pressure, and SV is stroke volume.
Total peripheral resistance was calculated from the equation:
where AS is aortic systolic pressure, AD is aortic diastolic pressure, REDP is right ventricular enddiastolic pressure, and CO is cardiac output.
In some experiments, simultaneous determinations of volume and pressure were carried out in u similar manner on the right ventricle. These studios will bo described in another report.
Calculation of Stroke Volume, End-Diastolic Volume, and End-Systolic Volume
At the end of each experiment, the electrical conductivity catheter was calibrated by adding known amounts of concentrated NaCl solution to a known volume of the animal's blood and the electrical conductivity change in the blood determined. 4 From step-function electrical conductivity records, as shown in figure 1 , the concentration of injected indicator solution is determined during the latter part of diastole of each step, and it is assumed that the stroke is constant during the determination. The stroke is calculated from the equation:
where Q = ml. of concentrated NaCl solution injected into the ventricle, and Ci, C2, .. .C n = concentration of injected NaCl solution in aortic blood in first, second, and n-th stroke, respectively.
It should be noted that the concentration of indicator is not determined in the blood within the ventricle; it is determined in the blood in the aorta, and therefore the calculation of S does not require that the indicator be completely mixed with the blood in the ventricle at the end of each diastole. The only requirement is that the sum of the concentrations (Ci, C 2 , .. .C n ), measured in the aorta, be equal to the sum of the average concentrations of the indicator in the strokes ejected during the determination.
In the calculation of EDV, the following Circulation Research, Volume X, May J96S assumptions are made: (1) that the animal is in a steady state, the EDV, ESV, and stroke volume remaining constant during the few beats when the electrical conductivity stepfunction record is obtained, and (2) that the average ratios of the above concentration of indicator in the aorta,
is the same as the average ratios:
represent the ratio of the average concentration of indicator in all of the blood in the ventricle at the end of successive diastoles. It should be noted that, in the calculation of RF V , it is not assumed that indicator is completely mixed with the blood in the ventricle at the end of any diastole; it is only assumed that the average of the concentration ratios obtained in the aortic blood (RF) is the same as the average of similar ratios (RF V ) in the ventricle at the end of each diastole. That the concentration ratios (C2/C1, C 3 /C 2 , . . .C n /C n _i) do not, vary greatly during a single electrical conductivity record is shown by the fact that in this study the average deviation of the individual ratios from the average ratio for each determination was ± 8 per cent. The calculation of EDV is as follows: C n -i (EDV) = ml. of indicator solution in the ventricle at the end of one diastole. C n _i (ESV) -ml. of indicator solution in the ventricle at the end of the following systole.
C n (EDV) = ml. of indicator solution in the ventricle at the end of the next diastole. (where the average of the concentration ratios, C n /C n .i, equals RF) by definition: EDV -ESV = Stroke, dividing by EDV: therefore:
Although it is desirable that the indicator be injected into the ventricle during diastole, this is not necessary, as pointed out in an earlier publication. 4 If all of the indicator is not injected into the ventricle during diastole, the step-function aortic curve may have a value of Ci that is less than C 2 , or the ratio C2/C1 may be greater than the subsequent ratios, C3/C0, etc. Under such circumstances, the calculation of EDV is modified to the extent that the calculation of the ratios C n /CVi is begun with the concentration following the systole after the injection was stopped.
In the determination of conductivity records such as those in figure 1, a small error in reading the level of any step makes only a small difference in the calculation of the stroke volume by means of the above equation.
Such small errors in the reading of these levels can make a large difference in the ratios Cn/Cn-i, near the end of the step-function curve, where the step-function deflections are small. In order to minimize this error, the ratios Cn/C,,.! are calculated from the beginning of the step-function curve down to the level where G n has the value below and nearest to 25 per cent of Ci.
Since the anesthetic agents and operative procedures employed generally resulted in a heart rate above normal 1 (dog, 85/min.; swine, 75/min.; cattle, 45/inin.; horse, 37/ min.), only those control results obtained on dogs having heart rates less than 100 beats per minute, swine less than 80 beats per minute, horses less than 60 beats per minute, and cattle less than 55 beats per minute, were used in this study. In cattle, the slow heart rates of 55 beats per minute or less were obtained by means of vagal stimulation, and in dogs the results obtained in an earlier control study 4 were used. Figure 2B ). There appears to be no simple relationship between body weight, varying from 15.5 to 836 Kg., and EDV, varying from 44 to 1,799 ml., other
Results
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LEFT VENTRICULAR FUNCTION 801 than that a large body weight is associated with a large EDV and vice versa.
EDV and Heart Weight. This relationship is shown in figure 2(A) . There is a moderate amount of scatter of the data with the EDV varying from 111* to 1,799 nil., and the heart weight from 359* to 3,595 Gm.
EDV and ESV ( Figure 2G ). The ESV varied from 22 to 1,096 ml., while the EDV varied 41-fold. There is a linear relationship between ESV and EDV described by the equation:
EDV and Stroke Volume ( Figure 21 )'). The stroke volume, which is the difference between EDV and ESV, varied from 22 to 846 ml. and was associated with a 41-fold variation in EDV. As the EDV increases, the stroke volume (S) increases in a linear manner described by the equation: S = 0.43 EDV.
(2) EDV and Heart Rate ( Figure 2E ). The heart rate varied from 34 to 100 beats per minute, while the EDV varied 41-fold. There is a curvilinear relationship with the heart rate decreasing as the EDV increases.
EDV and Cardiac Output. A plot of cardiac output, which is the product of stroke volume and heart rate, against EDV is shown in figure 2(F). The cardiac output varied from 1.76 to 32.0 L. per minute and was associated with a 41-fold variation in EDV. As the EDV increases, the cardiac output increases in a curvilinear manner. When these data were plotted on a logarithmic scale ( fig. 2G ), a linear relationship was obtained. This relationship is described by the equation : CO =* 106 EDV 0 ". that stroke volume is related to EDV by the equation, S = 0.43 EDV, the EDV for a rat and a rabbit were calculated to see whether the EDV for these small hearts fell on the line showing the relationship between cardiac output and EDV in the larger hearts of dogs, swine, horses, and cattle. The EDV for the rat was calculated from the data of Hoelscher 11 on a 275 Gm. rat having a heart rate of 357 beats per minute, a stroke volume of 0.19 ml., a cardiac output of 68 ml. per minute, and a systolic pressure of 103 mm. Hg. The EDV for the rabbit was calculated from the data of Leegaard" on a 3.19 Kg. rabbit having a heart rate of 218 beats per minute, a stroke volume of 1.63 ml., and a cardiac output of 354 ml. per minute. Figure 2 (G) shows that the data for the rat and rabbit fall on the line showing the relationship between cardiac output and EDA 7 ". It should be noted that the variation in EDV from the rat to the horse is 4,071-fold and the variation in cardiac output is 471-fold.
Since cardiac output is the product of rate (R) and stroke, and the relationship between stroke volume and EDV is given by equation 2, it follows that: CO = R (0.43 EDV).
(4) R = 246 EDV-0 -3 .
(5) Equation 5 describes, with a reasonable degree of accuracy, the relationship between the rate and EDV for the data shown in figure  2(B) .
EDV and Stroke-Work. Figure 3 (D) shows a linear relationship between stroke-work, varying from 47 to 1,940 Gm.-M., and the EDV varying 41-fold. Since the mean systolic pressure of the mammals studied, and of practically all mammals in the control state, 8 is within the range 132± 37* mm. Hg, and since there is a linear relationship between stroke volume and EDV (equation 2), it follows that the stroke-work, which is the product of mean systolic pressure and stroke volume, is linearly related to EDV by the equation: SW = 0.77 EDV,
•One standard deviation. 
(A through G) Relationship between left ventricular end-diastolic volume (EDV) as abscissa and the following factors as ordinates under conditions described: heart iveight. body weight, end-systolic volume (ESV), stroke volume (S), heart rate (R), and cardiac output (CO). The scale of all plots is linear except G, which is logarithmic.
where the stroke-work (SW) is expressed in grarameters and the EDV in milliliters. This equation describes, with a reasonable degree of accuracy, the results of our experiments plotted in figure 3(D) . The values of EDV for the rat and rabbit were calculated from the data in the literature, as described above; the stroke-work of the rat was calculated using a systolic pressure of 103 mm. Hg° and that of the rabbit of 110 mm. Hg. 8 The calculated data for the rat and rabbit fall on the line showing the relationship between stroke-work and EDV (equation 6). 
(A, C, and D) Relationship between left ventricular end-diastolic volume (EDV) as abscissa and the folloiving factors as ordinates: total peripheral resistance (TPJi), and stroke-worlc (SW). (B) Relationship between stroke and end-systolic volume (ESV). The scale of A and B is linear and that of G and D is logarithmic. TPR is
*0ne standard deviation.
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where TPR is expressed in dynes sec. cm." 5 , and EDV is expressed in milliliters. This equation describes, with a reasonable degree of accuracy, the results shown in figure 3(C) . The values of EDV for the rat and rabbit were calculated from the data in the literature as described above; the TPR was calculated using a mean aortic pressure of 103 mm. Hg for the rat 8 and 95 mm. Hg for the rabbit. 8 As seen in figure 3(C) , the data for the rat and rabbit fall close to the line showing the relationship between TPR and EDV (equation 7).
ESV and Stroke Volume ( Figure 3B ). As the ESV increases, the stroke volume in-creases, and there is a considerable scatter of the data.
Discussion
Evidence has been presented that the A'alues of EDV, BSV, and stroke volume, obtained with the method used here, may be in error because of inadequate mixing of indicator and blood within the ventricle. 9 " 11 Since the estimation of EDV, stroke volume, and ESV by this method does not require complete mixing of the injected indicator with all of the blood in the ventricle prior to systolic ejection, these criticisms are not as serious as they might otherwise be. It should be noted that in step-function curves, such as figure 1 , the concentration of indicator in the blood in the aorta at the end of a diastole is much more likely to represent the average concentration of indicator present in the preceding stroke, than a similar concentration measured within the ventricle at the end of the previous diastole is likely to represent the average concentration of indicator in the ventricle at the end of this diastole. The reason is that, in addition to those factors that tend to cause mixing of indicator in the ventricle during diastole, the flow of blood into the aorta during the time of ventricular systole, the turbulent and backward flow of blood at the aortic valve at the end of systole, and the duration of most of the following diastolic time are all factors that tend to mix the indicator more thoroughly in the ejected stroke, and thus cause the concentration d , C 2 . . .C, to represent with greater accuracy the average concentration of indicator in the ejected stroke. Likewise, the average ratio of the step-function concentrations (RF) is more likely to represent the average ratio (BF V ) in the ventricle.
Although the values for left ventricular volumes in the dog reported by several investigators, using either a dye dilution 10 or thermal 12 modification of the indicator-dilution technique that we have described, are in general agreement with the values reported by us, there is no doubt some error in the measurement of ventricular volume with this method. All methods of measurement have some degree of error. The question is whether the degree of accuracy in a measurement is such that the method is adequate for the purpose of the study in which it is used. The only way to know with certainty the degree of error in the measurement of ventricular volumes by the electrical conductivity technique is to have a more accurate method, and to compare the two. Since a more accurate method is not available, such evidence is not available. The only other technique available for estimating ventricular volumes in the intact animal is that utilizing the radiopaque x-ray technique. The values for ventricular EDV obtained on dogs by Chapman et al., 1!t using the x-ray technique, are in general agreement with those that we have obtained, while the values reported by Gribbe et al. 14 are smaller. The degree of accuracy of the x-ray technique is unknown. It is our feeling that the accuracy of the method used here is adequate for the conclusions drawn in the study.
Although there is without doubt an underlying relationship between EDV and heart weight, and between EDV and body weight, in mammals of varying size, the data reported here show considerable variation in these parameters. This lack of a close relationship seems reasonable in view of the fact that, heart weight varies from 0.22 per cent of body weight in the eat (Fclis ocrcata) to .1.67 per cent in the arctic weasel (Mustela arctica), 2 and is in general agreement with Clark 1 •who showed that there was considerable variation of heart weight with body weight throughout a wide range of mammals.
Our data, obtained in the control state, in mammals varying 54-fold in body weight, show a linear relationship between EDV and ESV, and between EDV and stroke volume. From this linear relationship between EDV and ESV, it follows that the residual fraction of the left ventricle is approximately the same (0.57) for all of these animals. Since this relationship holds in mammals whose body weights vary 54-fold, it suggests that the relationship holds throughout the entire range of mammalian hearts. That is, all normal Circulation Research, Volume X, May 1062 mammalian left ventricles in the control state, regardless of the size of the animal, would be expected to have a residual fraction of approximately 57 per cent, and to eject approximately 43 per cent of the EDV with each beat of-the heart.
The equations describing the relationships between EDV and cardiac output, heart rate, stroke-work, and total peripheral resistance are of considerable interest because they describe, with a reasonable degree of accuracy, these relationships in six classes of mammals varying 3,040-fold in body weight. It should be noted that the variation in body weight from the smallest dwarf bat to the 275-Gm. rat shown in figure 2(G) is approximately 71fold, 1 and the variation from the largest bovine in figure 2(G) to a large whale is 87fold. 2 Since the logarithm of EDV is linearly related to the logarithm of cardiac output, stroke-work, and total peripheral resistance (figs. 2G, 3D, and 3C) over a 3,040-fold range in boy weights (from the rat to the bull), it appears reasonable to believe that the relationships described by equations 3, 5, 6, and 7 extend throughout the entire range of mammals from the smallest bat to the largest whale. On the basis of these equations, a small mouse with a heart rate of 650 beats per minute would be expected to have an EDV of 0.015 ml., a stroke-work of 0.012 Gm.-M., a total peripheral resistance of 2.3 X 10" dynes sec. cm." 5 , and a cardiac output, of 4.1.0 ml. per minute, while a large whale having a heart rate of 15 beats per minute would be expected to have an EDV of 191 L., a stroke-work of 1.5 X 10" Gm.-M., a total peripheral resistance of 8 dynes sec. cm." s , and a cardiac output of 1,237 L. per minute.
We would like to emphasize that the equations described here are for the "normal" mammal in the control state. Individual animals of different classes of mammals, large and small, will vary somewhat above and below the "normal" animal, but this degree of variation is limited, and it is felt that the ('(luations describe the pattern of function for the left ventricle of mammals of all sizes.
In view of these results pertaining to the left ventricle, it becomes of considerable interest to learn whether a similar pattern of function exists for the right ventricle. Likewise, further studies on larger and smaller mammals in the normal state, and more particularly in the unanesthetized state, are desirable.
Summary
Studies of left ventricular volume and pressure have been carried out in the control state in four classes of intact anesthetized mammals (horses, cattle, swine, and dogs), body weights of which varied 54-fold. On the basis of these studies of both large and small hearts, extending over a M' ide range, a pattern of function for the left ventricle of all mammals has been described. Mathematical equations are given describing the interrelationships between left ventricular end-diastolic volume and end-systolic volume, stroke volume, cardiac output, stroke-work, heart rate, and total peripheral resistance.
